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ABSTRACT
I consider here acceleration and heating of relativistic outflow by local magnetic energy dissipation
process in Poynting flux dominated outflow. Adopting the standard assumption that the reconnection
rate scales with the Alfve´n speed, I show here that the fraction of energy dissipated as thermal
photons cannot exceed (13γˆ − 14)−1 = 30% (for adiabatic index γˆ = 4/3) of the kinetic energy at
the photosphere. Even in the most radiatively efficient scenario, the energy released as non-thermal
photons during the prompt phase is at most equal to the kinetic energy of the outflow. These results
imply that calorimetry of the kinetic energy that can be done during the afterglow phase, could
be used to constrain the magnetization of gamma-ray bursts (GRB) outflows. I discuss the recent
observational status, and its implications on constraining the magnetization in GRB outflows.
1. INTRODUCTION
One of the key open questions in the study of relativis-
tic outflows is the mechanism responsible for accelerating
the plasma to ultra-relativistic speeds, with inferred
Lorentz factor Γ & few tens in active galactic nuclei
(AGNs), and Γ & 100 in gamma-ray bursts (GRBs).
In the classical GRB “fireball” model, for example, the
outflow is accelerated by radiative pressure, and mag-
netic fields are sub-dominant (for several recent reviews
see Meszaros & Rees 2014; Kumar & Zhang 2015; Pe’er
2015, and references therein). On the other hand, in
recent years models in which GRB outflows are Poynting
flux dominated became increasingly popular (Levinson
2006; Lyutikov 2006; Giannios 2008; Tchekhovskoy et al.
2008; Komissarov et al. 2009; Metzger et al. 2011;
Zhang & Yan 2011; McKinney & Uzdensky 2012;
Sironi et al. 2015).
There are indeed strong theoretical arguments in
favor of Poynting flux dominated flows in GRBs. First,
it is well established that the progenitor of a GRB is
a compact object of solar scale, namely a black hole
or neutron star. A Poynting flux dominated outflow
will naturally occur if the compact object rotates and
possesses a magnetic field (Blandford & Znajek 1977;
Blandford & Payne 1982). The jet could tap into
the rotational energy of the neutron star, black hole
or accretion disk through the agency of an ordered
magnetic field that threads the source (e.g., Usov 1992;
Thompson 1994; Vlahakis & Ko¨nigl 2001; Drenkhahn
2002; Drenkhahn & Spruit 2002; Lyutikov & Blandford
2003; Vlahakis & Ko¨nigl 2003). Second, a well known
problem of non-magnetized outflow models is the very
low efficiency in converting the kinetic energy to the
observed radiation. This must follow an episode(s)
of kinetic energy dissipation. However, the leading
dissipation mechanism, namely internal shock waves
(Rees & Meszaros 1994) are known to be inefficient -
typically, only a few % of the kinetic energy is dissi-
pated (Mochkovitch et al. 1995; Kobayashi et al. 1997;
Panaitescu et al. 1999). In Poynting flux dominated
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flows on the other hand, dissipation of magnetic energy
can take place via a reconnection process. This process
is known to provide an efficient way of converting
the energy stored in the magnetic field (Drenkhahn
2002; Drenkhahn & Spruit 2002; Komissarov et al.
2009; Lyubarsky 2010; Tchekhovskoy et al. 2010;
McKinney & Uzdensky 2012; Sironi et al. 2015).
The dissipated magnetic energy is converted into (1)
kinetic energy of the bulk outflow motion; and (2) ther-
mal energy of the outflow. As was long thought and
recently proven numerically (Sironi & Spitkovsky 2014;
Uzdensky & Spitkovsky 2014), part of the dissipated en-
ergy is used to accelerate particles to non-thermal distri-
bution, rather than heat a thermal distribution of par-
ticles to a higher temperature. In the context of en-
ergy transfer from the magnetic field, this energy is part
of the thermal energy given to the plasma (rather than
the kinetic energy). The difference between thermal and
non-thermal heating would be manifested in the rate at
which this energy could be radiated away. One generally
expects that non-thermal particles would radiatively lose
their energy faster.
In the context of GRBs, if indeed cooling is efficient,
(most of-) the thermal energy will be radiated away dur-
ing the prompt phase, either as thermal photons at the
photosphere, or as non-thermal photons above it. As op-
posed to that, the bulk kinetic energy could not be con-
verted into radiation on the short time scale character-
izing the prompt phase. Instead, it will gradually dissi-
pate during the afterglow phase. Thus, measurements of
the thermal and non-thermal energies during the prompt
phase and comparing them to the outflow kinetic energy
(that could be deduced from afterglow measurements)
would put strong constraints on the validity of the mag-
netized model.
In this paper, I show that the maximum ratio of ther-
mal to kinetic energy is in fact universal, and is inde-
pendent on many of the model’s parameters. If radiative
cooling is slow, the amount of energy that can be released
as thermal photons cannot exceed (13γˆ − 14)−1 = 30%
(for adiabatic index γˆ = 4/3) of the kinetic energy. This
energy would be released at the photosphere, and will
therefore be observed as a (modified) thermal compo-
2 Pee´r
nent. I should stress that 30% is an absolute upper
limit: since the photospheric radius is expected to be be-
low the saturation radius (namely, occur while the flow
still accelerates), only the thermal energy released up un-
til this radius could be radiated as such. One therefore
expects the observed ratio of thermal to kinetic energy
to be no more than a few %. On the other extreme,
if radiative cooling is efficient, the fraction of energy
released as (non-thermal) photons is equal at most to
the remaining kinetic energy, regardless of the unknown
model parameters, such as the magnetization or the re-
connection rate. This implies that within the context of
Poynting-flux dominated outflow, the overall radiation
observed during the prompt phase cannot exceed the ki-
netic energy inferred from afterglow observations. Thus,
additional - or different - mechanisms must be operat-
ing in those GRBs in which the energy released during
the prompt phase exceeds the kinetic energy. The ob-
tained results are aligned, of course, with the numerical
results obtained in Drenkhahn & Spruit (2002), however
they generalize the numerical results obtained there by
providing robust, model-independent upper limits, which
can be directly compared with observations.
This paper is organized as follows. In §2 I provide
the underlying model assumptions. I then calculate the
ratio of thermal to kinetic energy released for the slow
cooling and fast cooling scenarios in §3. In §4 I discuss
the current observational status of the prompt and af-
terglow GRB measurements, as had been accumulated
in the past decade or so. I point to gaps in the analy-
sis, that could lead to breakthrough in understanding the
magnetization in GRBs. I then discuss in §5 the impli-
cations and limitations of the Poynting-flux dominated
model in view of the existing data before summarizing.
2. BASIC MODEL ASSUMPTIONS
As a model of Poynting-flux dominated flow, I
adopt the “striped wind” model of Coroniti (1990),
whose dynamics were studies by several authors
(Drenkhahn 2002; Drenkhahn & Spruit 2002; Giannios
2005; Giannios & Spruit 2005; Me´sza´ros & Rees 2011).
The magnetic field in the flow changes polarity on a small
scale λ due to rotation of an inclined magnetic dipole.
This scale is of the order of the light cylinder in the cen-
tral engine frame (λ ≈ 2πc/Ω, where Ω is the angular
frequency of the central engine - presumably a spinning
black hole). The polarity change leads to magnetic dis-
sipation via reconnection process, which is assumed to
occur at a constant rate along the jet. As a consequence,
the magnetic field decays during a characteristic (comov-
ing) time scale τ ′ = λ′/ǫv′A, where v
′
A ≈ c is the comoving
Alfve´nic speed and λ′ = Γλ, where Γ is the Lorentz fac-
tor of the flow. All the uncertainty in the microphysics of
the reconnection process is taken up by the dimension-
less factor ǫ, which is often assumed in the literature a
fixed value, ǫ = 0.1.
Way above the Alfve´nic radius (the radius in which
the flow velocity is equal to the Alfve´n speed), the flow
is assumed to be purely radial. The dominant magnetic
field component is B = Bφ ≫ Br, Bθ. For stationary
case in ideal magneto-hydrodynamics (MHD), this im-
plies that ∂r(βrB) = 0, where β is the outflow velocity
and B is the magnetic field in the observer’s frame. For
non-ideal MHD, the evolution of the magnetic field is
given by (Drenkhahn 2002; Drenkhahn & Spruit 2002)
∂r(rub) = − rb
cτ ′
= −rb
c
ǫΩ
2πΓ
, (1)
where b = B/
√
4πΓ is the (normalized) magnetic field in
the comoving frame, u = Γβ and β = (1−Γ−2)1/2 is the
normalized outflow velocity.
It was shown by Drenkhahn (2002) that for Poynting
flux dominated flow with Γ ≫ 1, the flow accelerates as
Γ(r) ∝ r1/3. For the purpose of this work, I point out
that this is a very robust result, that is independent on
the reconnection rate (ǫΩ) and can be derived directly
from Equation 1, as long as the outflow is Poynting flux
dominated, Lpf = Γur
2b2 ≫ Lk.
This result can be understood by noting the following.
First, for Γ≫ 1, Equation 1 can be written as ∂r(Lpf ) ≃
∂r(r
2Γ2b2) ∝ −(rb)2. Using L = Lpf + Lk, conservation
of energy implies ∂r(Lk) = −∂r(Lpf ) ∝ (rb)2. Second,
the flux of kinetic energy can be written as Lk = M˙Γc
2,
where M˙ is the mass ejection rate per time per sterad,
which is assumed steady. Thus, ∂r(Lk) ∝ ∂r(Γ). Com-
bined together, one obtains ∂rΓ ∝ (rb)2. Using now the
assumption Lpf ≫ Lk, one finds that L ≃ Lpf = Γ2r2b2
which implies Γ2∂rΓ ≈ Const, with the solution Γ(r) ∝
r1/3.
Dynamic equations. The evolution of the proper
mass density, ρ, energy density (excluding rest mass), e,
the 4-velocity u and the magnetic field strength, b are
determined by conservation of mass, energy and momen-
tum, together with equation 1. These are combined with
the equation of state, p = (γˆ − 1)e, where γˆ is the adi-
abatic index. When radiative losses are included, these
equations take the form (Drenkhahn & Spruit 2002):
∂r(r
2ρu) = 0 → M˙ = r2ρuc, (2)
∂r
[
r2Γu
(
ω + b2
)]
= −r2ΓΛ
c
, (3)
∂r
[
r2
{(
ω + b2
)
u2 +
b2
2
+ p
}]
= 2rp− r2uΛ
c
. (4)
Here, ω = e+ p+ ρc2 = γˆe + ρc2 is the proper enthalpy
density, and Λ is the (comoving) emissivity (energy ra-
diated per unit time per unit volume), which is assumed
isotropic in the comoving frame.
As the heated particles radiate their energy they cool.
The emissivity takes the form
Λ = k
ecu
r
, (5)
where k is an adjustable cooling length. In
Drenkhahn & Spruit (2002), a value of k = 0 was taken
below the photosphere, justified by the fact that in this
regime the photons are coupled to the particles, while
k = 104 was assumed above the photosphere. This
high value was justified by the assumption of synchrotron
cooling of very energetic particles in the strong magnetic
field expected in this scenario. While it is far from be-
ing clear that the electrons can be accelerated very large
Lorentz factors in this model (See Be´gue´ et al. 2017), as
I show here, in fact the exact value of k is of no impor-
tance, as long as k & 1.
3Before solving these equations, we note that for k = 0,
the energy equation (3) can be integrated to obtain
L = Lpf + Lk + Lth, where Lk(= M˙Γc
2) = r2Γucρc2 is
the kinetic luminosity (per steradian) and Lth = r
2Γucγˆe
is the thermal luminosity (per steradian). The thermal
luminosity though includes a pressure term, and there-
fore the available luminosity that would be observed if
the thermal energy could be entirely released (e.g., at the
photosphere) is Lob.th = r
2Γuce. When radiative losses are
included (k > 0), one can further define a non-thermal
luminosity by LNT = L− Lpf − Lth − Lk.
3. UPPER LIMITS ON THE RATIO OF RADIATED TO
KINETIC ENERGY
The set of Equations 1 – 4 can be simplified for the case
Γ ≫ 1, by noting that one can approximate Γu ≃ u2 +
1/2. Using this in the energy Equation 3 and plugging
the result in the momentum Equation 4, one obtains
∂r
[
r2
(
p− ω
2
)]
≃ 2rp+ k re
2
. (6)
This equation implies scaling laws on the energy and
number densities, e = e0r
−7/3 and ρ = ρ0r
−7/3.
Slow cooling scenario. Let us first consider the case
in which k = 0, namely radiative losses are dynamically
unimportant. Using ω = γˆe + ρc2, p = (γˆ − 1)e and the
scaling laws obtained above in Equation 6, this equation
becomes ρ0c
2 = (13γˆ − 14)e0, or
Lobth
Lk
=
e0
ρ0c2
=
1
13γˆ − 14 =
3
10
, (7)
where the last equality holds for γˆ = 4/3 (for γˆ = 5/3,
one finds e0/ρ0c
2 = 3/23). I stress that this is an ab-
solute upper limit that can be obtained only if the pho-
tospheric radius is above the saturation radius (this de-
pends on the reconnection rate). Typically, this is not
the case, and the ratio Lobth/Lk is significantly less than
that obtained in equation 7.
Fast cooling scenario. From Equation 6, it is clear
that for k ≫ 4(γˆ − 1) ≃ 1, the second term in the right
hand side always dominates the first term. The scaling
laws for e and ρ are not changed, implying that Equation
6 takes the form(
1− γˆ
2
)
e0 +
ρ0c
2
2
=
3
2
ke0, (8)
or (for k ≫ 1)
Lobth
Lk
=
e0
ρ0c2
≃ 1
3k
. (9)
One therefore concludes that for k ≫ 1, the observed
thermal luminosity, Lobth can be neglected with respect to
the kinetic luminosity, Lk.
Using the result ke = ρc2/3 and neglecting Lth relative
to Lk and Lpf , the energy Equation (3) takes the form
∂r (Lk + Lpf ) = −Lk
3r
. (10)
Since LNT ≃ L−Lpf −Lk, and L is constant, Equation
10 can be written as
∂r (LNT ) =
Lk
3r
. (11)
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Fig. 1.— Evolution of the bulk Lorentz factor
During the acceleration episode, in the regime where
Γ ≫ 1 the kinetic luminosity scales as Lk ∝ r1/3 (this
result is immediately obtained from the scaling laws of
ρ and Γ). Equation 11 therefore implies both a sim-
ilar scaling law of LNT ∝ r1/3, and a similar scaling
coefficient. This means that at the end of the acceler-
ation, LNT = LK , namely up to 1/2 of the dissipated
magnetic energy could be radiated away, while the other
1/2 remains in the form of kinetic energy. Further note
that this result is very robust, and is independent on
any of the unknown model parameters, neither on the
adiabatic index. It holds for any value of k ≫ 1. Simi-
lar to the thermal emission calculation, this is an upper
limit, which depends on the assumption of strong emis-
sivity along the jet. In reality, all emission mechanism
(synchrotron, Compton, Bremsstrahlung, etc.) will de-
cay with radius, making the observed non-thermal energy
to be less than the kinetic energy (Be´gue´ & Pe’er 2015;
Be´gue´ et al. 2017)
In order to demonstrate the validity of the analytical
approximations used in deriving these conclusions, I have
solved numerically the exact set of Equations 1 – 4, to
find the radial evolution of the dynamical variables (Γ, e,
ρ and b) and the derived variables (such as Lpf , Lk, Lth,
LNT and u). These set of equations are coupled and stiff,
and thus in order to solve them, I first re-wrote them in
terms of a variable ~A = {Lpf , Lk, Lth, u}, and then
calculated d log( ~A)/d log(r). When formulated in this
way, standard numerical ordinary differential equation
(ODE) solver could be used.
The results of the numerical calculations are shown in
Figures 1 – 3. In producing the results, I chose as initial
conditions L = 1052 erg s−1 sterad−1, initial magnetiza-
tion parameter σ0 ≡ Lpf,0/Lk,0 = 100 at r0 = 107 cm
(corresponding to an initial 4-velocity u0 =
√
σ0 = 10),
and reconnection rate ǫΩ = 103 s−1. The flow was as-
sumed initially cold (e0 ≡ e|r0 = 0), and adiabatic in-
dex γˆ = 4/3 assumed (this is relevant below the photo-
sphere). I chose three different values of k = 0, 10, 100
representing possible different emissivities.
In Figure 1 I present the evolution of the bulk Lorentz
factor. For k = 0 case, the outflow terminates at Γ ≃
σ
3/2
0 = 1000, as predicted by Drenkhahn (2002). In the
radiative scenarios, the terminal Lorentz factor is slightly
above half of that value (540 and 525 for the k = 10, 100
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Fig. 2.— Radial evolution of the luminosities. Think (blue)
curves are for k = 0 scenario, while thin (green) are for the ra-
diative case with k = 10. Solid: Lk, dotted: Lpf , dash-dotted:
Lth and dash: LNT . As explain in the text, for large k, the mag-
netic energy is equally distributed between kinetic and radiated
energy, and thus LNT approaches Lk.
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Fig. 3.— Ratio of observed to kinetic luminosities. Thick (blue):
k = 0 scenario. Lob
th
/Lk = 0.3 (for adiabatic index γˆ = 4/3). Thin
(green): k = 10. The non-thermal radiated energy reaches slightly
less than 90% of the kinetic energy, while the thermal energy is
negligible in this scenario.
scenarios, respectively), in accordance with the finding
that slightly over half of the final energy is in kinetic
form.
In figure 2 I show the radial evolution of the vari-
ous luminosities: Lpf , Lk, Lth and LNT for the k = 0
and k = 10 scenarios (the results obtained for k = 100
are very similar to the ones obtained for k = 10, and
are thus omitted for clarity). All the numerical results
are in accordance with the analytical calculations pre-
sented above. In particular, when non-thermal radiation
is omitted (k = 0), the ratio between Lth and Lk ap-
proaches 30%. This is directly seen in Figure 3. In the
radiative scenario (k = 10), this ratio is much lower; on
the other hand, LNT approaches Lk, as is seen in Figures
2 and 3.
4. OBSERVATIONAL CONSTRAINTS
The results derived above provide two clear predictions
about the upper limits of thermal and non-thermal lumi-
nosities that can be expected during the prompt emission
phase in GRBs. These can be tested with current and
future observations, that can therefore be used to test
the validity of this model. Identification and analysis
of the properties of a thermal component in GRBs is a
relatively new field, and, as a result, only sparse data ex-
ists to date (see further discussion below). On the other
hand, calorimetry of the total radiative efficiency, namely
the non-thermal emission of the prompt phase has been
carried out extensively in the past two decades, since the
discovery of GRB afterglow. It is therefore useful in the
context of this work to briefly summarize the existing
observational status.
It is common to define the efficiency of the prompt
emission radiation as the ratio of the total energy re-
leased in gamma rays (thermal plus non-thermal), di-
vided by the the total (radiative plus kinetic) energy,
η ≡ Eγ
(Ek + Eγ).
(12)
Within the limits of the observed spectral band, the
GRB prompt emission provides a direct probe of the
energy released during the prompt phase. The ki-
netic energy, on the other hand, is estimated by fit-
ting the afterglow observations, which, for historical rea-
sons, are typically available at 11 hours in the x-ray
band. The fitting is done within the framework of
the “classical” synchrotron model, under the assump-
tion that electrons accelerated to a power law distribu-
tion in the propagating forward shock wave. The ad-
vantage is that at this time, the reverse shock should
already disappear, and the temporal and spectral evo-
lution of the emitted signal should be well character-
ized by simple scaling laws (Blandford & McKee 1976;
Meszaros et al. 1993; Meszaros & Rees 1997; Sari et al.
1998; van Paradijs et al. 2000; Granot & Sari 2002),
thereby enabling a reasonably accurate estimate of the
outflow kinetic energy.
Few early works that estimated the efficiency of
various samples of bursts were carried by Kumar (2000);
Freedman & Waxman (2001); Panaitescu & Kumar
(2002); Yost et al. (2003); Lloyd-Ronning & Zhang
(2004); Zhang et al. (2007); Racusin et al. (2011);
D’Avanzo et al. (2012). More recent works not only
estimated by efficiency but further the absolute re-
leased energy by correcting for the finite jet opening
angle (Cenko et al. 2010, 2011; Troja et al. 2012;
Guidorzi et al. 2014; Laskar et al. 2014, 2015, 2016).
The different samples consist of bursts observed by
different instruments thereby having different spectral
coverage, and used several different methods in estimat-
ing the efficiencies. It is therefore impossible to combine
all the collected data into one big sample.
Despite these differences, it is very interesting that
all these works arrive at the same conclusion, namely
that the efficiency varies widely between different bursts
within the same sample. It is consistently found that
the efficiency is ranging from less than 1% to over 90%,
with about 1/2 of GRBs in each sample showing effi-
ciency of over 50%. Note that in the notation used in
this paper, radiative efficiency of η > 50% is equivalent
to LNT > Lk, and is thus forbidden within the frame-
work of the Poynting-flux dominated model. As a con-
crete example, in the analysis carried by Laskar et al.
(2015), 13/24 GRBs show Eγ > Ek, with 11/24 being
more than 1 σ away from Eγ ≤ Ek. This result is not
5unique, but is rather representative of all other analyses
mentioned above. Interestingly, a similar conclusion was
reached when analyzing a large sample of short GRBs
(Fong et al. 2015), implying that the large range of radia-
tive efficiencies appear in both the long and short GRB
populations.
This large range of efficiencies found is challanging to
all theoretical models, that need to explain both the very
high efficiency seen in tens of % of the GRB popula-
tion, as well as the wide separation between the bursts.
Motivated by this cahllange, a different analysis method
was proposed by Beniamini et al. (2015, 2016). In these
works, the authors argue that the late time x-ray flux
may not be a good proxy to the kinetic energy, due to ei-
ther significant synchrotron self Compton radiation that
lowers the synchrotron flux at the observed band, or al-
ternatively a weaker than expected magnetic field that
prevents an efficient radiation at the x-ray band (“slow
cooling”). Instead, they propose to use the GeV emission
seen at much earlier times (hundreds of seconds, though
later than the observed time of photons at lower ener-
gies) in several LAT-detected GRBs as a better proxy to
the remaining kinetic energy.
Using the GeV photons to estimate the kinetic energy
results in significantly higher kinetic energy than that
inferred from the x-rays and corresponding lower effi-
ciency, which is found to be around 15%. While this
model seem to overcome the high efficiency problem, the
use of the GeV emission as a proxy to the kinetic en-
ergy needs to be done with great care. First, the in-
ferred energy is much higher (up to two orders of magni-
tude) than the typical energies inferred at very late times
(Shivvers & Berger 2011). Second, it is far from being
clear that the GeV photons have synchrotron (rather
than inverse Compton) origin, as is assumed in these fits.
Third, it is not obvious that the GeV photons originate
from the forward shock. On the contrary, it was shown
by Pe’er & Waxman (2005) that a significant fraction of
the GeV photons expected at this time of hundreds of
seconds originate from the reverse shock that could well
exist at this epoch, and are upscattered by electrons at
the forward shock. Finally, a detailed analysis (Gomptz
et. al., in prep.) shows that about half of the LAT bursts
in the sample used by Beniamini et al. (2015) are in fact
in the fast cooling regime.
Nonetheless, the high eficiency inferred by many au-
thors is a major challange not only to the magnetized
model presented here, but to the alternative “internal
shocks” model as well. There is a broad agreement that
the radiative efficiency expected in the internal shock
model is not likely to exceed a few % - few tens of %
as most (Kobayashi et al. 1997; Daigne & Mochkovitch
1998; Guetta et al. 2001; Ioka et al. 2006; Pe’er et al.
2017), though it was shown that under extreme condi-
tions, higher efficiency could be reached in this model
(e.g., Beloborodov 2000; Kobayashi & Sari 2001).
There are two important possible caveats of the ef-
ficiency estimates presented in the literature to date,
which are related to estimate of the kinetic energy, Ek
from afterglow data. The first is that many of the above
mentioned works assume a “top hat” jet, namely neglect
any internal jet structure of the form Γ = Γ(θ) (Γ is the
jet Lorentz factor and the angle θ is measured from the
jet axis). On the other hand, simple phase space argu-
ment implies that in most observed GRBs the observer
is located off the jet axis. While the structure of the jets
are unknown, angle-dependent Lorentz factor could lead
to an uncertainty in the estimated value of the kinetic
energy by a factor of up to a few.
A second caveat relates to the microphysics of particle
acceleration. Despite major progress in recent years in
understanding particle acceleration in shock waves, the
fraction of electrons accelerated to high energies in rel-
ativistic shocks is still uncertain. As was pointed out
by Eichler & Waxman (2005), there is a degeneracy in
interpreting the observed afterglow signal between the
fraction of particles accelerated (and emitting the radi-
ation), the jet kinetic energy as well as other parame-
ters such as the density and the magnetic field. Thus, it
is possible to explain the observed signal in a model in
which a relatively small fraction of electrons are acceler-
ated, provided that the kinetic energy is high, which will
reflect in a lower efficiency than estimated by the works
discussed above.
While these caveats put strong constraints on the abil-
ity of current models to accurately estimate the prompt
phase efficiency, in recent years there is a major progress
in modeling structured jets observed off-axis (e.g.,
Zhang & MacFadyen 2009; van Eerten & MacFadyen
2012, 2013), which enable to break some of the de-
generacy involved in the jet structure and viewing an-
gle (Ryan et al. 2015). Similarly, advance in numeri-
cal, particle-in-cell (PIC) simulations enabled much bet-
ter understanding of the microphysics of particle ac-
celeration (Spitkovsky 2008; Sironi & Spitkovsky 2011),
which could be used to constrain the fractions of non-
thermal and thermal particles heated by the external
shock (Giannios & Spitkovsky 2009). It is thus antici-
pated that much better observational constraints on the
efficiency will become available in the near future.
A second prediction of the magnetized model
presented here is an upper limit on the ratio of
the released thermal energy to kinetic energy.
In recent years it became evident that thermal
emission component does exist in several bright
GRBs, such as GRB090902B (Abdo et al. 2009;
Ryde et al. 2011), GRB100724B(Guiriec et al. 2011),
GRB090510(Ackermann et al. 2010), GRB110721A
(Axelsson et al. 2012; Iyyani et al. 2013), GRB110920A
(Iyyani et al. 2015) and others. In a few bright
GRBs, such as GRB090902B, it clearly dominated the
spectrum.
However, no systematic analysis was carried so far
about the relative strength and ubiquitousness of the
thermal component. Partially, this is due to the fact
that a firm detection of a thermal component is relatively
difficult, as (1) it requires a different template than the
commonly used “Band” function fit, and (2) there are
various efects that act to smear (broaden) the signal; see
Pe’er & Ryde (2017) for details. Despite this fact, there
is an increasing evidence that a thermal component is
more ubiquioutous among bright GRBs (Ryde et. al., in
prep.). This can be understood, as a clear detection of
a thermal component requires a more refined template
in fitting the observed spectrum. It is therefore more
difficult to detect in weak GRBs, in which the number
of photons are limited. If confirmed, this result there-
fore suggests that a thermal component might in fact be
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very ubiquitous; in many GRBs in which it is not de-
tected, it is mainly due to technical reasons, as, due to
their cosmological distribution and the detectors limita-
tions, most GRBs are detected close to the detector’s
limit. The results presented here thus raise the need for
a more comprehensive analysis of both the thermal and
the non-thermal flux, as a key way in constraining the
outflow magnetization.
5. IMPLICATIONS AND LIMITATIONS
The energy released as thermal and non-thermal dur-
ing the acceleration phase (Lth and LNT ) would be di-
rectly observed during the prompt phase, either as ther-
mal photons released at the photosphere, or as non-
thermal photons released at larger radii. As opposed
to that, the kinetic energy (Lk) could not be directly ob-
served during the prompt phase, unless an additional,
non-magnetized dissipation process takes place. Such
process might be shock waves, that could develop as a re-
sult of instabilities in the flow. In particular, these might
be expected at large radii, where the magnetization is
weak; we discuss this phenomenon below. However, as
pointed in the literature, substantial kinetic energy re-
leased by collisions is generally less favourable, due to
the low efficiency of this process.
Instead, the kinetic energy will be gradually released
during the afterglow phase: it will be used to accelerate
and heat particles from the ambient medium, which will
radiate the observed afterglow. As discussed in §4 above,
the very high efficiency of radiation during the prompt
phase, if indeed confirmed, challanges the validity of the
magnetized model.
This difficulty adds to the difficulty of magnetized
models to account for a significant, sub-MeV thermal
component (Zhang & Pe’er 2009; Be´gue´ & Pe’er 2015) as
is reported in several bursts. Interestingly, very similar
results are obtained within the reconnection model sug-
gested by Lyubarsky & Kirk (2001), in which different
assumptions about the reconnection rate lead to differ-
ent scaling law Γ ∝ r1/2.
One possible solution within the framework of
Poynting-flux dominated flows is to invoke a more com-
plicated dissipation scheme. For example, one may as-
sume that the dissipation of the magnetic energy does
not occur continuously along the jet, but only in spe-
cific regions. This could be triggered, e.g., by outflow
discontinuities such as turbulence (e.g., Zhang & Yan
2011). However, detailed numerical models carried so
far of more complicated outflow dynamics (Deng et al.
2015) did not reveal a substantially different dynamics
than the simple 1-d model analyzed in this work, nor
better efficiency than derived here. Another possibil-
ity is Compton drag (namely, the emitted radiation is
non-isotropic in the comoving frame). In this scenario,
somewhat higher efficiency could be achieved under the
appropriate conditions (Levinson & Globus 2016).
A detailed model by McKinney & Uzdensky (2012)
suggested that the rate of reconnection changes along
the the jet, from being slow (Sweet-Parker like geom-
etry) at small radii to fast (Petschek-like geometry) at
larger radii. This transition is initiated by a change
in the plasma conditions, from being collisional to col-
lisionless. The transition could occur if certain condi-
tions are met, such as the production of a large number
of pairs in the inner jet regions which later annihilate at
large radii. Despite the different underlying assumptions,
McKinney & Uzdensky (2012) find that the outflow dy-
namics in this scenario is not substantially different than
the one considered here. The main application of this
scenario would therefore be a reduction of the relative
strength of the thermal component, as most of the dissi-
pation occurs above the photosphere.
The simplified dynamics considered here may be modi-
fied by variations in the conditions at the base of the jet.
Such fluctuations could lead to internal shocks, which
would further dissipate part of the kinetic energy, thereby
increase the efficiency of the prompt emission beyond the
values calculated here. This is due to the fact that ad-
ditional source of energy (associated with the relative
motion of the outflow) is added to the energy associated
with the dissipation of the magnetic field.
In general, internal shocks are expected in region of low
magnetization, namely σ < 1. While the focus in this
work is on highly magnetized flows, as shown in Section
3 above due to the disipation of the magnetic energy that
is used to accelerate the flow, at sufficiently large radii
the magnetic energy becomes sub-dominant (see Figure
2). Furthermore, in a scenario of variable, magnetized
outflow, magnetic energy conversion inside a plasma shell
may occur directly as a result of magnetic pressure within
a shell (Granot et al. 2011). These internal shocks can
dissipate a substantial fraction of the differential kinetic
energy between the shells, in both the low-magnetic as
well as magnetized shell scenarios (Granot 2012).
A detailed calculation of the modification of the ef-
ficiency calculated here due to internal shocks is be-
yond the scope of this work. This is due to the fact
that in this scenario, the efficiency of kinetic energy con-
version depends on the configuration of the magnetic
fields, as well as the initial conditions at the jet base.
Several works that dealt with strong toroidal field con-
cluded that the efficiency is not expected to be high,
typically a few % at most for magnetization parameter
σ ≥ 10 (Kennel & Coroniti 1984; Zhang & Kobayashi
2005; Narayan et al. 2011; Komissarov 2012). It is found
in these works that there is an inverse correlation: a
stronger magnetization leads to a lower efficiency in en-
ergy conversion by shock waves.
Furthermore, if the magnetic field have a strong
poloidal component, the formation of shock waves is sup-
pressed, and it is not clear that the shock waves could
be formed at all (Bret et al. 2017). These results there-
fore suggest that the efficiency dervied here might not be
heavily modified in the present of internal shocks, if they
occur in a regime dominated by poloidal field.
Alternatively, most of the prompt emission photons
may have a different origin. An appealing alternative is
emission from the photosphere. Thermal photons may
exist in the plasma at early stages, and advect with it
until the photosphere, in which they decouple. Thus,
their existence does not require high efficiency in kinetic
or magnetic energy conversion. Indeed, there are in-
creasing evidence that a significant thermal component
is ubiquitous (e.g., Lazzati et al. 2013, and discussion in
§4 above). In recent years, it was demonstrated that the
observed spectrum of photons emerging from the pho-
tosphere can deviate substantially from the naively ex-
pected “Planck” spectrum. This is due to both light
7aberration effects (Pe’er 2008; Lundman et al. 2013) as
well as possible sub-photospheric energy dissipation (e.g.,
Pe’er et al. 2006).
6. SUMMARY AND CONCLUSIONS
In this paper, I consider the “striped wind” model of
a Poynting-flux dominated outflow in GRBs, in which
the main source of energy is dissipation of magnetic
fields. The dissipated magnetic energy is used to both
accelerate the outflow and heat particles in the plasma,
which then radiate, producing both thermal and non-
thermal emission. I derived here simple analytical up-
per limits on the ratio of thermal to kinetic energy,
Lth/Lk = 30% (Equation 7) and non-thermal to kinetic
energy LNT/Lk = 50% (Equation 11), and confronted
these upper limits with observations in §4.
The analytical upper limits and numerical results de-
rived here are aligned with the numerical results obtained
by Drenkhahn & Spruit (2002), albeit a larger value of
k (very fast cooling) was used in that work. The ratio
of thermal to total kinetic energy was calculated previ-
ously only numerically, by Drenkhahn & Spruit (2002),
and later on by Giannios & Spruit (2007). These works
found that this ratio is at the range of 20% - 30%
(though a maximum value of 35% was found numeri-
cally) for the parameter range considered. The analyt-
ical results derived here thus provide a simple explana-
tion to the numerical works. Similarly, the ratio of 50%
of non-thermal to kinetic energy was derived numeri-
cally by Drenkhahn & Spruit (2002). A heuristic, yet
insightful argument for the validity of this result was pro-
vided by Spruit & Drenkhahn (2004)2. The present work
thus generalizes previous treatments of the striped-wind
model scenario, by providing analytical arguments that
prove the robustness of the upper limits obtained on the
ratios of both the thermal and non-thermal fluxes. These
limits are independent on uncertainties such as the ini-
tial magnetization parameter, magnetic dissipation rate,
cooling rate or adiabatic index.
By now there are ample of works measuring the ra-
diative efficiency of non-thermal GRB prompt emission.
Despite the use of different samples and different meth-
ods, a repeated result is that the efficiency considerably
varies among GRBs within the same sample, with about
half the bursts showing efficiency greater than the al-
lowed by the magnetized outflow scenario. As discussed
in Section 4 above, there is a large uncertainty in the
estimate of the efficiency due to the unknown jet struc-
ture and the microphysics of particle acceleration. This
high efficiency is further difficult to explain within the
framework of the alternative “internal shocks” model as
well. It thus calls for a deep re-analysis using both broad
band and time dependent data, to validate these results.
A key result of this work is the upper limit on the
thermal flux. While it is clear today that a thermal emis-
sion component exists in many GRBs, it is still uncertain
how ubiquitous it is, and how strong it is among different
bursts. The analysis carried here thus calls for a reanaly-
sis of GRB prompt emission in order to identify thermal
compoent that could constrain the magnetization. In-
deed, as was already pointed out, e.g., by Zhang & Pe’er
(2009) and is further strengthen here, identification of a
strong thermal component is likely the best observational
way of constraining the outflow magnetization.
It is clear that the dynamical model used here is sim-
plified, as it cannot account for variation in the outflow.
However, the rate of reconnection depends on the ex-
act configuration of the magnetic field, and therefore can
only be tracked by numerical MHD models. Existing
numerical results (McKinney & Uzdensky 2012) suggest
that the outflow dynamics may in fact be close to the
simplified model used here. This fact may further be
used to constrain the validity of the magnetized model
in explaining the dynamics of GRB outflows, in partic-
ularly in those GRBs in which the lightcurve is highly
variable. It may further suggest a correlation between
the observed lightcurve variability and the existence of
a strong thermal component, as both are characterizing
outflows which are only weakly magnetized.
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